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Conventional interplanetary spacecraft use propulsive systems to decelerate into orbit. 
Aerocapture is an alternative approach for orbit capture, in which the spacecraft makes a single 
pass through a target destination's atmosphere. Although this technique has never been 
performed, studies show there are substantial benefits of using aerocapture for reduction of 
propellant mass, spacecraft size, and mission cost. The In-Space Propulsion (ISP) Program, part of 
NASA's Science Mission Directorate, has invested in aerocapture technology development since 
2002. Aerocapture investments within ISP are largely driven by mission systems analysis studies, 
The purpose of this NASA-funded report is to identify and document the findamental parameters 
of aerocapture within previous human and robotic Mars mission studies which will assist the 
community in identifying technology research gaps in human and robotic missions, and provide 
insight for future technology investments. Upon examination of the final data set, some key 
attributes within the aerocapture disciplines are identified. 
Nomenclature 
U D  = lift-to-drag ratio 
MSFC = Marshall Space Flight Center 
GN&C = Guidance, Navigation, & Control 
I. Introduction 
EROCAPTURE is a method of establishing an orbit at a planetary destination by making a single pass 
A t h r o u g h  its atmosphere. Utilizing the natural resource of the planet reduces the necessary on-board propellant 
normally carried by conventional all-propulsive spacecraft, thus reducing cost, propellant mass fraction, and 
potentially shortening travel time. Aerocapture begins by a spacecraft entering a planetary body's atmosphere from 
a hyperbolic trajectory. Friction created by this maneuver generates high heating conditions on the vehicle, 
necessitating an advanced thermal protection system. The Guidance, Navigation, & Control (GN&C) system is 
autonomous so atmospheric and aerodynamic predictions are also critical to a successful maneuver. Additional key 
disciplines of aerocapture are: structures and materials, instrumentation, trajectory design, and systems engineering 
and integration. The significance of the key parameters within each discipline is explained in table 1. Most of the 
key parameters were identified and recorded, where they existed, to document previous mission study findings 
within the data set examined. 
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Discipline Why Significant 
GN&C 
Aerodynamics 
GN&C 
Aerodynamics trajectory 
Aerothermal 
Tne 
Drives shape and performance of the vehicle 
Affects heating and corridor width; results from interplanetary 
Drives TPS material choice; results from atmospheric constituents 
Parameter F 
i r a  
Atmospheric 
Modeling 
Aerothermal 
Entry Velocity t- Heat Flux and density, trajectory design, and vehicle shape. Predicted by 
aerothermal analysis 
Drives TPS material thickness; results from trajectory and Heat Load ITPS GN&C 
Atmospheric 
Modeling 
GN&C 
Aerodynamics 
Structures 
Aerothermal 
Instrumentation 
GN&C 
Aerodynamics 
I Corridor Width 
aerothermal predictions 
Closely coupled with required vehicle performance and shape; 
results from atmospheric parameters, entry velocity, and delivery 
errors 
Affects lift, drag, and orientation of loads during atmospheric flight, 
affects flowfield around vehicle 
Allows correlation of predictions to flight data; validates models 
and improves future designs 
Affects structural design; is driven by UD and guidance scheme. 
Important to human physiology. 
Sensors 
G-load 
Table 1 Significant Parameters within Aerocapture Disciplines 
Aerocapture is a flight maneuver designed to aerodynamically decelerate a spacecraft from hyperbolic approach 
to a captured orbit during one pass through the atmosphere without the use of propulsion. Once the vehicle enters 
the atmosphere, bank angle modulation is used to remain safely within the flight corridor, preventing skip-out or 
planetary impact. Propulsion is used for attitude control and periapsis raise only. Figure 1 summarizes the 
maneuver. 
Atmospheric 
Entry Interface 
Hyperbolic Approach I 
Begin Bank 
Periapsis 
Trajectory 
/r S c I e n c e 
Periapsis Raise/ 
Circularization 
Orbit 
End Bank 
Angle 
Modulation 
Maneuver 
Atmospheric 
Figure 1 Aerocapture Maneuver Summary 
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11. Data Set Selection 
A comprehensive search was conducted to identify reports, studies, and technical papers for robotic and human 
missions to Mars which used aerocapture in the mission design. Complete mission designs were selected for the 
data comparison since these reports provided’ more detailed information for desired aerodynamic parameters that 
described the aeroshell design and how the aerocapture would be performed. 
Since there is no single storage area of documentation on this subject, a broad literature search began for relevant 
papers using the Internet and the NASA technical repository. The Redstone Scientific Information Center and 
Marshall Space Flight Center contractor libraries were also surveyed. In an effort to gather those published works 
that did not surface during these searches, individual NASA centers were solicited for contributions. The human 
Mars study references gathered during the writing of “A Comparison of Transportation Systems for Human 
Missions to Mars” (ref 1) were also utilized in this work. In all, 93 sources were identified, dating fiom 1979 to 
2003. 
III. Traceability of Data 
Of the 93 Mars mission publications surveyed (Fig 2), 16 human aerocapture mission studies and 8 robotic 
aerocapture missions served as the basis for this comparison. A concentrated effort was made to record key 
attributes into individual spreadsheets with associated page numbers within each study. The advantage of this 
methodology was that it provided revisits to the source material for verification. These spreadsheets are available 
from MSFC/NP40 upon request. 
While the main goal of this research was to highlight aerocapture at Mars, total mission strategies were investigated. 
Human aerocapture conditions at Earth were also recorded when available. Of the 17 human studies, 7 yielded 
information regarding manned aerocapture at Earth and 15 provided Mars aerocapture data. Even though the focus 
remained on Mars aerocapture, all available aspects were documented for a complete picture of the mission design. 
Library Distribution 
general 
Discipline specific; TPS, 
GN&C. Atmospheric,. . . 
rn Aerobraking Orbital 
Capture 
0 Mars Robotic 
Aerocaptum 
0 Mars Human 
Figure 2 Aerocapture Library Distribution 
IV. Documentation Process 
Documentation began with identification of common areas of comparison. This effort focused on discovering and 
recording aerodynamic characteristics such as lift-to-drag ratio (L/D), entry velocity, entry corridor width, aeroshell 
shape, and the allowable g-load experienced upon aerocapture. Attributes unique to a particular mission study were 
identified as well in order to depict a comprehensive mission design for future mission planners. 
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V. Analysis 
With the primary focus of this research being to examine the aerocapture process and seek out trends within the 
data, it was beneficial to view robotic and human mission data concurrently where possible. Robotic and human 
missions are discussed following the combined chronological assessment. 
Robotic and Human Chronological Evaluation 
The robotic and human papers supply sufficient data for comparative analysis in the areas of LID and entry velocity. 
(Fig 3, 4) Representative papers cover the time period from 1979 to 2003. As the data illustrates, robotic mission 
studies using aerocapture were published from 1979-1988 and from 2000-2003. The human Mars mission studies 
embody the 1986 to 1998 time period with one study in 2003. 
As shown in Figure 3, eight robotic papers used an LID from 0.25 to 1.5. Five robotic studies between 2000 and 
2003 had an L/D of 0.4 or less. A greater LID range of 0.2 to 1.5 exists for the 13 human studies that provide L/D 
data. 
LiiVDrag for Aerocapture at Mars 
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Figure 3 Lift/Drag for Chronological Robotic and Human Aerocapture studies 
Figure 4 depicts the entry velocity at Mars aerocapture. Of the 7 robotic papers that identified this parameter, 4 of 
those required an entry speed limit of approximately 6 Ms. A cluster of human studies in the late 1980s to the 
1990s favor an entry velocity of 8 to 10 km/s; this entry speed range results from a desire to limit the trip time for 
humans, and to reduce zero-g and galactic cosmic radiation exposure. Robotic missions generally have lower entry 
velocities since they travel on a minimum energy trajectory and trip time is not usually a constraint. 
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Entry Velocity for Mars Aerocapture 
Study Ref # 
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s 
StudylPaper Author Year 
Aerocapture Vehicle Mission Design Concept Cruz 1979 
Design Integration of Aerocapture Vehicles for MSR Hassett 1980 
Design Sty of OnBoard Nav and Guid during aerocapture at Mars 1988 
CNES-NASA Studies of MSR Aerocapture Phase Fraysse 2000 
Fuhry 
Mars Sample Return (MSR) Direct Aerocapture Design Condon 2001 
Trajectory Analysis for TPS for Mars Aerocapture Vehicles Jits 2002 
Aerocapture Guidance Algorithm Comparison Campaign Rousseau 2002 
Titan Aerocapture SA (Mars Sample Return Option Used) Lockwood 2003 
,2 entries 
Robotic 
1975 1980 1985 1990 1995 2000 2005 
Published Studies by Year 
Figure 4 Entry Velocity for Chronological Robotic and Human Aerocapture studies 
Table 2 Selected Mars Robotic Studies 
This robotic data set spans from 1979-2003. Only two aerocapture parameters, lift to drag ratio and entry velocity, 
are represented in the majority of the papers and could be considered for comparison purposes. 
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Figure 5 LID for Mars Robotic Studies 
Figure 5 illustrates the LID for the represented Mars Robotic studies. It appears that an LID of approximately 0.25 
is preferred for studies performed in 2000 and later. This LID corresponds to a blunt shape, flight-proven for Mars 
entry on the Mars Pathfinder mission launched in 1996. 
Robotic Mars Aerocapture Entry Velocity 
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Figure 6 Entry Velocity for Mars Robotic Studies 
Entry speed varies from a low of 2.6 k d s  to a high of 7.5 kmls (Fig 6). An entry speed of approximately 6 kmls is 
chosen in the majority of studies. 
VII. Human Aerocapture at Mars 
While many manned Mars studies were executed in the past, relatively few of them included aerocapture as a way of 
establishing a Martian orbit. The other architectures either utilize aerobraking for orbit capture, or travel directly to 
the surface of Mars. The human papers selected for analysis are presented in Table 3. 
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Table 3 Selected Mars Human Studies for Mars Aerocapture 
Sixteen papers in the data collection that employ aerocapture are chosen for comparison since these are complete 
mission designs. One paper has two designs with different L/Ds (Braun, 1991); each design is documented 
separately. Some papers have data for both aerocapture at Mars and return aerocapture at Earth. Fifteen of these 
include Mars aerocapture while seven papers discuss Earth aerocapture. Both aerocapture at Mars and aerocapture 
at Earth will be discussed, respectively. Along with entry velocity and LID, these papers presented sufficient data 
for other comparison areas including allowable g-load on humans during aerocapture and entry corridor width 
definition for aerocapture at Mars. 
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Figure 7 LID for Human Mars Aerocapture 
The L/D values for human Mars studies are wide-ranging as shown in Figure 7. Of the fifteen papers, thirteen listed 
L D  values from 0.18 to 1.5. 
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Figure 8 Entry Velocity for Human Mars Studies 
Entry Speed at Mars aerocapture is represented in Figure 8. Fourteen studies chose an entry velocity ranging from 
5.4 to 10 W s .  Most values appear to be from 8 to 10 kds;  this is likely due to a constraint on the trip time allowed 
for human transit. 
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Figure 10 Mars Aerocapture Entry Corridor Width 
Figure 10 illustrates the entry corridor width at Mars for aerocapture. Other than an isolated value of 0.25 degrees, 
an established value of 1 degree seems to be the necessary entry corridor width for a successful Mars aerocapture. 
VIII. Human Aerocapture at Earth 
Table 4 Selected Mars Human Studies for Earth Aerocapture 
Seven papers listed in Table 4 are comprehensive mission designs chosen for comparison. Five of the papers 
discuss aerocapture at both Mars and Earth. The remaining two papers look at Earth aerocapture only. Adequate 
data for comparison in the areas of L/D, Entry Velocity, and allowable g-load on humans during aerocapture was 
acquired. 
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Figure 11 L/D for Human Earth Aerocapture 
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The LID values for human Earth aerocapture ranged from 0.18 to 0.5 (Fig 1 1 ) .  L/D values are not available for two 
of the papers. 
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Figure 12 Entry Velocity at Earth 
Entry Speed at Earth aerocapture is represented in Figure 12. Entry speed values are consistently between 1 1.5 and 
14.5 Ms. 
I Mars Human Studies 
Figure 13 G-load on Humans at Earth Aerocapture 
Allowable g-loads at Earth aerocapture vary fiom 3.5 g's to 8.3 g's according to Figure 13. Half of the studies 
establish a max g-load of 5 .  This design limit is recommended from the medical community on human tolerance to 
g-loads following a zero-g transit time to Mars and return time to Earth of about six months each. A Mars surface 
stay at about 113 Earth g would also be of consideration. 
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IX. Conclusions 
The publications gathered throughout this effort were formed into an aerocapture library for future reference. A 
bibliography is located in the Appendix (Table 5) .  Although every effort was made to include all applicable papers 
into the library, the authors acknowledge that some relevant publications may have inadvertently been missed. In 
order to make the library as beneficial to the aerocapture community as possible, papers will continue to be added 
into the library as they become available. 
Many interrelated factors contribute to a successful aerocapture at Mars. Of the 93 Mars publications surveyed, 24 
studies used aerocapture as the method of capturing into Mars orbit andor Earth orbit upon return. No robotic 
published Mars aerocapture mission studies were located between 1989 and 1999. There has been a concentration 
of human Mars mission study since 1986; however, only 1 human Mars aerocapture mission study was found 
between1999and2003. 
Since the goal of this comparison was to research a complete aerocapture mission to Mars, discipline specific papers 
and aerocapture papers to other destinations were not included in the data set. While many of the papers discussed a 
complete mission scenario, all desired parameters were not identified in each paper. Therefore, comparison of the 
data was limited. In summary, throughout this investigation, entry corridor width for a human Mars aerocapture of 
one degree appears to be optimal. Also, a 5 g-load limit on humans was imposed in 9 of 13 studies. Many more 
studies will be required to identify additional trends within aerocapture at Mars. 
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Appendix 
11 1988 I Final Report on the Desian of a Fast Crew Transfer Vehicle to M a q  
~ 
lanned Mars Entry Vehicles 
1989 Mars Rover Sample Return Aerocapture Confguration Design and Packaging Constraints 
s Aerocapture Guidance Requirements 
11 1989 I The ORice of FxDloration: F Y  1989 Annual Reoort Vdume V Technolwv Assessment TTM 4170) 
lned Mars Aerobrake Configuration 
1990 Aerodynamic Requirements of a Manned Mars Aerobmkmg Transfer Vehicle 
ig in the Martian Atmosphere 
I 
1989 Aerobraking Characteristics for Several Potential M 
I 
University 
Tartabini 
Lawson 
Brand 
? 
Braun 
Braun 
Hartung 
1989 An On-Board Navigation System Which Fulfills Mar 
I 
yya~~tv  L I I ~  nerocaprure of Manned Vehldes 
- :le Return from the Moon and Mars 
- 
nology Experiments Program 
I 
1990 Effect of Interplanetary Trajectory Options on a Mar 
I 
Crouse 
Lyne 
Greendyke 
Stevenson 
11 1990 I Equilibrium Radiative Heating Tables for Aerobrakin 
1990 Manned Mars System Study (Martin Marietta) 
Eldred 1 1; 1 TPS Design for Aembraking at Earth and Mars 
Parametric Study of Manned Aerocapture 
Parametric Study of Manned Aerocapture Part 1: Ec 
1991 Ratio Anrnhrmk-.r. 1 1 1  
Braun 
Lyne JTC for Manned Mars Missions 
1 ;9! I The Effect of High Lift to Drag Ratio on Aerobraking 
Physiological Constraints on Decelereation m*-:-- 
Convective and Radiative Heating for Vehir 
Mars Pathfinder Rover - Lewis Research Center Tech 
A ------I 
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Year Title Author Last 
2003 AerocaDture Technolow Proiect Overview James 
2003 NASA DeveloDment of Aerocapture Techndwies James 
2003 
2003 Comparison of Methods to Compute Hiah-Temoerature Gas Viscositv Palmer 
2003 
2003 
2003 Titan AerocaDture Svstems Analvsis 
Hall Cost Beneft Analvsis of the Aerocapture Mission Set 
Thermal Protection Concepts and Issues of Aerocapture at Ttan 
Planetaw Probe Mass Estimation Tool Develooment 8 Application to Titan Aerocapture 
h u b  
Dyke 
way 2003 
2003 
Aerocadure Simulation and Pelformance for the Titan Explorer Mission 
An Analvsis of the Radiative Heating Environment for AerocaDture at T i n  Olejniuak 
2003 Takashima Preliminarv Aerothermodvnamics of Titan AerocaDture Aeroshell 
2003 Titan Emlorer Mission Trades from the PenDective of Aemcapture Noca 
2003 Haw Approach Naviaation for a T i n  AeroCaDture Orbier 
2003 Guidance Algorithms for Aemcaoture at Titan Masciarelli 
Hrinda 
Wright 
Sinha 
Wright 
2003 
2003 T# 
2004 
2004 
Structural Desian of the Titan AemcarAure Mission 
Detached Eddy Simulation of Hypersonic Base Flow w/ Application to Fire II Experiments 
Analvsis 0fAAerbodv Heating Rates on the A~ol lo  Command Modules. Part 1: AS-202 
~~ 1 2004 I Collision Inmrals for ton-Neutral Interactions of Nittugen and Oxwe@ I Wright ~ 
I I 
namic Testing of A e W D t u n  and Planetary Probe Geometries in Hvpenonic Ballistic-Range 
Wilder 
I 2004 I Global MGS TFS data and Mars-GRAM validation I .111~!1_1S _ _  
Jits 
Gokcen 
Bose 
Olejniuak 
Ma 
2004 
2004 
2004 
2004 
7 
Blended control. predictorcorrector guidance algorithm: an enabling technolwv for Man aerocapture 
N2-CH4-Ar Chemical Kinetic Model for Simulations of Atmospheric Entw to T i n  
Uncertaintv and Sensitivitv Analvsis of Thermochemical Modeling for Titan Atmospheric Entry 
Aeroheatina Analvsis for the Aftehcdv of a Titan Probe 
Explicit Guidance For Aeroassisted Orbital Plane Chanae 
Table 5 Aerocapture Library Bibliography 
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